A sensitive and reproducible gas chromatographic procedure for the quantitative determination of urinary o-cresol is described. The first step involves acid hydrolysis (2N HCI, 100~ 10 rain), which yields unconjugated o-cresol. After extraction (methylene chloride, pH 2), the organic layer is concentrated by evaporation and samples are analyzed by gas chromatography-flame ionization detection with a DB-5 column (30 m x 0.25 ram, 0.25 pro). Initial oven temperature is set at 30~ for 12 rain and then increased 2~ to 93~ 3,4-Dimethylphenol is used as the internal standard. The detection limit of the method is 0.36 I~mol/L (l-pL injection). Additional validation data were obtained by analysis of urine samples collected from volunteers exposed to various concentrations of toluene: 10, 20, 30, 50, and 100 ppm over 7 h. Urinary o-cresol concentrations (0-3, 3-7, 7-24, and 0-24 h) were highly correlated with toluene exposure.
Introduction
termination has been proposed as an alternative method for the biological monitoring of toluene exposure (3) . To date, several analytical methods have been tested for the determination of urinary o-cresol (7) (8) (9) (10) (11) , but there still is a need for a specific and sensitive method for the measurement of low concentrations of o-cresol, which would allow a better discrimination between toluene-exposed and nonexposed workers. The present paper describes a gas chromatographic (GC) method for the quantitative determination of urinary o-cresol. The method was used to determine the urinary excretion of o-cresol in volunteers exposed to concentrations of toluene varying from 10 to 100 ppm.
Materials and Methods

Reagents
o-Cresol (99%) and 3,4-dimethylphenol (99%) were purchased from Aldrich Chemicals (Milwaukee, WI). Solvents and all other chemicals were of reagent grade.
Toluene is a widely used industrial organic solvent. Its absorption results mainly from inhalation of vapors. A fraction of the absorbed toluene is excreted unchanged in the expired air (approximately 20%), whereas most is oxidized in the liver, which yields benzoic acid, which is then conjugated with glycine to produce hippuric acid. A very small fraction (< 1%) of the absorbed dose is converted to o-cresol, a hydroxylated metabolite that is excreted into urine as glucuronide or sulfate conjugates (1-3). There is good correlation between urinary hippuric acid excretion and the intensity of toluene exposure (4) (5) (6) . Hippuric acid, however, is a normal constituent of urine, originating from food, drinks, and drugs containing benzoic acid or benzoates. For low levels of exposure to toluene, the uptake of these substances can significantly influence the relation existing between toluene exposure and urinary hippuric acid excretion. Because o-cresol is not a major constituent of normal urine (normal concentrations are less than 0.9 IJmol/L), its de-*Author to whom correspondence should be addressed.
Instrumentation
The analytical system used was a Hewlett-Packard 5890 series It GC equipped with a flame ionization detector and a J&W Scientific 30-m x 0.25-mm, 0.25-1Jm, DB-5 column (Chromatographic Specialities, Brockville, Ontario, Canada). The initial oven temperature was set at 30~ for 12 rain and then increased 2~ to 93~
Analytical method
In a stoppered glass tube, 200 laL concentrated HCI was added to I mL urine. The mixture was heated at I00~ for 10 min to hydrolyze the conjugated phenolic metabolites. The solution was cooled, and its pH was adjusted to between I and 2 with 10N NaOH. Two hundred microliters of 3,4-dimethylpheno] (internal standard, 12mM in methanol) were added. A 5-mL aliquot of methylene chloride was added, and the samples were shaken for 10 rain. The samples were then centrifuged, and the organic layer was evaporated under a flow of air to a final volume of approximately ] mL. o-Cresol was then determined by GC. The calibration curve was prepared with values obtained from the addition of aliquots (0-150 12L) of a stock solution containing o-cresol (140pM) to 1 mL control urine after hydrolysis and neutralization. The standard curve, which ranged from 0 to 21 lJmol/L, was prepared with values obtained from samples that were treated as the calibration samples were. The amount of HC1 used and heating time for hydrolysis were optimized during experiments performed with urine from volunteers exposed to toluene in which o-cresol was present as sulfate or glucuronic acid conjugates. As tested in our laboratories, recovery of unconjugated o-cresol, which was added to the calibration samples, seemed to be affected by hydrolysis. For this reason, o-cresol was added to the calibration samples after the hydrolysis and the neutralization steps.
Subjects and methods
Four adult nonsmokers (3 men and 1 woman) who showed no recent history of occupational exposure to solvents volunteered for the study. The volunteers were exposed on 5 different days, 7 h per day, every 5 days, to various concentrations of toluene (10, 20, 30, 50 , and 100 ppm).
The exposure was carried out in a dynamic, controlled environment exposure chamber measuring 18.1 m 3. Purified air, which was introduced from the ceiling through 16 diffusers at a rate of 2-5 m3/min, was temperature (22 • 2~ and humidity controlled (40 • 5%). Solvent atmospheres were generated by the introduction of toluene by means of a high-pressure liquid chromatography pump (Varian, Montreal, Quebec, Canada) into a l-L, three-necked, round-bottomed flask in which the solvent vapors were mixed with clean, compressed air and then swept by aspiration into the inlet duct of the chamber. The concentration of toluene in the chamber was monitored by GC and infrared spectrophotometric analysis as described elsewhere (12) . Urine samples were collected before exposure, after the first 3 h of exposure (0-3 h), at the end of exposure (3-7 h), and during the 17 h following the exposure (7-24 h). The concentration of o-cresol was determined by the method described in this paper. Creatinine was determined by a method based on the Jaffe reaction (13), which consists of the reaction of picric acid with creatinine in an alkaline medium, which yields an orangered dyestuff measured spectrophotometrically at 520 nm.
Results and Discussion
Method performance
Typical chromatograms of morning (blank) urine and urine obtained during the last 4 h of exposure (3-7 h) from a volunteer exposed to 50 ppm toluene are shown in Figure 1 . The proposed analytical method was satisfactory for the quantitative determination of o-cresol. The detection limit of the method derived from a signal-to-noise ratio of 3 was 0.36 IJmol/L (1-1JL injection). The limits of detection associated with other procedures reported in the literature varied from 0.10 to 0.93 pmol/L (7-9,11). Urinary o-cresol concentrations found in nonexposed humans are generally less than 0.9 IJmol/L (14). Because the limit of detection of the present method is 0.36 pmol/L, its use for the measurement of urinary o-cresol theoretically allows for discrimination between exposed and nonexposed individuals. Within-day coefficients of variation (CV) were evaluated by analyzing five aliquots of three urine samples from volunteers exposed to toluene. The o-cresol concentrations of these samples were in the order of 4, 7, and 13 iJmol/L respectively. Day-to-day CVs were determined on five different days by construction of a complete standard curve and a daily analysis of the same three urine samples as for within-day CVs. Results are presented in Table I ; they indicate that the proposed analytical method is precise and can be used effectively for quantitating o-cresol.
Chromatographic analysis revealed the presence of an unidentified peak that may interfere with o-cresol quantitation if chromatographic separation is not rigorously optimized (see Figure 1 ). The main differences between the present procedure compared with those described in the literature are as follows: the time spent for the hydrolysis of the conjugate and the chromatographic conditions that allow the separation of the o-cresol peak from the unidentified one. The latter observation is important because such potential interference may explain, at least in part, the often poor correlation between toluene exposure and urinary o-cresol reported in the literature.
Urinary concentrations of o-cresol in volunteers exposed to toluene
The analytical procedure presented in this paper is sensitive and specific for the determination of urinary o-cresol. The method was tested with success on urinary samples obtained from volunteers exposed to a wide range of toluene concentrations. The urinary excretion of o-cresol in volunteers as a function of toluene exposure is shown in Table II . Urinary o-cresol was detected in only one of the 20 preexposure samples. In that case, the concentration was 0.04 1Jmol/mmol creatinine.
Our results show that o-cresol is a very sensitive indicator of toluene exposure. The mean o-cresol concentration measured in urine collected during the last 4 h of exposure (3-7 h; equivalent to an end-of-shift sample) from volunteers exposed to 10 ppm of toluene was 0.12 IJmol/mmol creatinine, compared with 0-0.04 IJmol/mmol creatinine before exposure. In 1992, the American Conference of Governmental Industrial Hygienists (ACGIH) (14) proposed an end-of-shift concentration of 1.1 IJmol o-cresol/retool creatinine for a toluene exposure of 100 ppm. In the present study, the equivalent o-cresol concentration (at 3-7 h) calculated using the linear regression equation is 1.3 ~mol/mmol creatinine, which is very close to the ACGIH value.
To our knowledge, the present study is the first that allowed the determination of the urinary excretion of o-cresol in volunteers exposed to a wide range of toluene concentrations under controlled conditions. Previous studies were conducted with volunteers exposed to single concentrations of toluene, either 100 or 200 ppm (15) (16) (17) .
Conclusion
The present study confirms the validity of urinary o-cresol as a potential biological indicator of toluene exposure. Because of its inherent discriminant capacity, measurement of urinary o-cresol concentration presents definite advantages over measurement of urinary hippuric acid, particularly when toluene exposure levels are under 50 ppm. An investigation is in progress in our laboratories to apply this method to the study of urinary o-cresol excretion in individuals exposed to toluene in the workplace. Table II 
